We demonstrate the viability of baryogenesis from light scalar decays after the electroweak phase transition. A hidden fourth generation of quarks and leptons is used to introduce extra CP violations to the standard model. A simple extension of the standard model is constructed in which cosmic strings are formed at the electroweak phase transition. These strings decay into colored scalars which themselves decay into baryons and leptons.
Introduction
The experimental bounds on the ratio of baryon excess to the entropy of the universe are [1] : η = (2 − 8) × 10 −11 .
Baryogenesis is an attractive explanation of the observed fact that baryons are more abundant than anti-baryons in the universe. The conditions necessary for baryogenesis were spelled out by Sakharov nearly three decades ago [2] . The three conditions are: (i) existence of baryon number violating interactions; (ii) C and CP violating processes; and (iii) a departure from thermal equilibrium. The earliest models of baryogenesis were based on baryon number and CP violating processes of GUT theories. The necessary departure from thermal equilibrium was achieved by having superheavy bosons decay by slow interactions that make them overabundant (in comparison to their thermal distribution) in a rapidly expanding universe [3] , [4] .
It was however realized subsequently [5] that anomalous baryon number violation in the electroweak theory itself [6] could wipe out any baryon asymmetry formed at the GUT scale unless the density of baryons minus leptons (B − L) is non zero. Another difficulty with GUT scale baryogenesis is inflation. Inflation is needed to get rid of heavy monopoles formed during GUT scale symmetry breakings, but it also inflates away any baryons produced at that scale.
Since then several other mechanisms for baryogenesis have been proposed that produce baryons at or after the Electroweak phase transition. The most notable is the mechanism of electroweak baryogenesis [7] . This mechanism, however, requires a sufficiently strong first order phase transition [7] , [8] . At present the question of the order of the electroweak phase transition remains unanswered.
At least two mechanisms have been proposed where baryogenesis occurs below the electroweak scale and where cosmic strings play a crucial role. In one of them [9] , anomalous baryon number violating processes take place inside collapsing cosmic strings. The requirement that sphaleron effects be appreciable inside the 'core' of the cosmic strings necessitates the existence of 'thick' cosmic strings. In another case [10] , electroweak strings (or Z strings [11] ) with magnetic Z flux are needed. In certain extensions of the standard model these strings can be metastable. Their interaction with the primordial magnetic fields generated at the time of electroweak phase transition produces anomalous baryon and lepton number currents. In a two Higgs doublet model one can then have the necessary CP violation to produce an excess of baryons over antibaryons.
Baryogenesis from the decay of scalar bosons can also, surprisingly, work below the electroweak scale. Seemingly, there are two hurdles to having that mechanism work at such low energy scales. The first is the constraint from proton decay. The stability of the proton implies that baryon number violating interactions must couple to the first generation quarks with a very small coupling. The natural ratio of mass scales to consider is the proton mass divided by the mass of the baryon number violating boson. It seems that to make this ratio small the baryon number violating boson must be superheavy (mass > 10
16 GeV). The second obstacle is that in order for the scalar boson to decay out of equilibrium its decay rate should be smaller than the expansion rate of the universe. Even for small Higgs couplings (10 −3 − 10 −5 ) the expansion of the universe is not sufficiently fast except at high temperatures (T > 10 10 GeV). The natural scale of decay of the scalar bosons is therefore indicated to be much higher than the electroweak scale. It is possible to get around the above obstacles by having heavy but long lived bosons or a model with an inflation with a low reheat temparature (∼ 10MeV) [12] .
In this paper we show how the above constraints can be circumvented by a very simple extension of the standard model with a heavy fourth family which has large CP and baryon number violations. We show that small mixings (10 −4 − 10 −6 ) between the quarks and leptons of the fourth generation with the other three generations produce unobservably small widths for proton decay. The scalar bosons are made overabundant by producing them from cosmic string decays. This bypasses the need for their decay rates to be much smaller than the expansion rate of the universe. Thus one is able to produce baryons from the decay of scalar bosons after the electroweak phase transition. The smallness of the mixing angles makes baryon number in the lighter generations 'almost' conserved in the 'laboratory'. Surprisingly, it doesn't prevent baryons from being produced on a cosmological scale.
In section 2 we describe an extension of the standard model that can implement this mechanism and review the boson decay mechanism of [3] that forms the core of the present mechanism. We also consider constraints on the mixing angles of the model from proton decay experiments.
In section 3 we present an estimate of the number density of the scalar bosons generated by the decay of cosmic strings in this model.
In section 4 we consider the Boltzman's equations for the evolution of baryon number after the electro-weak phase transition and show that for a particular range of parameters the baryon asymmetry generated immediately after the phase transition can survive till the present time.
2 B Violation and a Fourth Generation
Extra symmetries and particles
Let us introduce a fourth family of quarks and leptons, (
Note that we have a right handed neutrino in the fourth family which is required by experimental bounds on the number of light neutrino flavors (2.99 ± 0.04) in the standard model. Below the electroweak symmetry breaking scale all the fermions in the fourth family should have masses of the order of a few hundred GeV. To get the cosmic strings,
we prescribe an extra U(1) gauge symmetry which we will refer to as U(1) A and which is broken along with the electroweak symmetry.
Let us also introduce scalars that are singlets under SU(2) W and may be triplets under SU(3) color . We will need three such scalars, which we call X 1 , X 2 and X 3 . The following is a table summarizing the charges and representations of the new scalar fields. Note that a vev for X 3 breaks U(1) A . Table 1 .
In addition to the coupling of all the fourth generation quarks and leptons to the standard Higgs, we have the following new Yukawa couplings:
With these interactions the action has a non anomalous The CP violation in L Y can be communicated to the ordinary quarks and leptons if we assume that there are mixings between quarks and leptons of the fourth generation with the other generations. Note that lepton mixing is allowed since the neutrino in the fourth generation is massive. When these mixings are present, the quarks and leptons of the lighter generations couple directly to the colored scalars X 1 and X 2 and the global non-anomalous symmetry is reduced to (B − L). We require that terms in the action that violate (B − L) 4 by n units are suppressed by small couplings and mixings of the order of S n where S is a small number ∼ (10 −4 − 10 −6 ). One way to motivate this suppression is to think of this action to be a low energy limit of a theory that has a (B − L) 4 violating sector involving only massive fields. When these massive fields are integrated out, the resulting (B − L) 4 violation is suppressed by powers of their mass. In Appendix A we describe an explicit way of realizing this suppression by considering a theory with gauged
When this symmetry is broken, a low energy theory similar to the one described above is obtained.
Other couplings that are allowed are gauge invariant quartic couplings between the new scalars and the standard Higgs. With the above suppression rule in mind, we allow such couplings to be present.
CP violation
The interactions (2) violate baryon and lepton numbers while preserving B − L. The interactions are in fact identical to the scalar boson interactions of [3] , where it was shown that the out of equilibrium decays of X 1 and X 2 produce a baryon asymmetry.
The amount of CP violation coming from the above terms was calculated in [3] and we briefly recapitulate the main results there. To tree order, decays of X 1 and X 2 produce no CP violation since the cross section for 'X 1 → baryons' is exactly equal to the cross section for 'X 1 → anti-baryons'. The same statement applies to decays of X 2 and X 2 . However at the one loop level there are several other processes contributing to the same decay modes. Consider for instance the decay '
The one loop diagrams contributing to the process have an internal X 2 propagator ( Figure   1 ). The interference of the tree order and one-loop diagrams produces a net CP violation for the decay of X 1 through these channels. The baryon number produced per decay through the channel 'X 1 → u 4R + ν 4R ' is [3] :
where I is the relevant loop integral. If all the fermions have similar masses, the loop integrals in all the channels are same. Taking all channels into account one then has the
where g is a typical Yukawa coupling and ǫ is a phase angle characterising the average strength of the CP violation. The imaginary part of I is easily evaluated when all the fermions are massless:
where The value of ǫ can be as large as 1 radian. Once a range of values for the masses and mixing angles are found, the allowed range of values for ǫ is fixed by the baryon to entropy ratio generated in the theory.
Masses, mixing angles and proton decay
Experimental bounds on neutrino mass limits the heavy neutrino mass to be at least 46 GeV. We shall see later that for baryogenesis to be successful it must be possible for the fourth generation quarks and leptons to decay into lighter quarks and leptons, while the reverse process must be prohibited. Therefore we require that all fourth generation leptons are heavier than the W , so that they can decay via their mixings to a W and a light lepton. We require the quarks to have a mass above 270 GeV, so that a decay to a top and a W is allowed. The mass difference between two members of an electroweak doublet can not be large by considerations of the ρ parameter. In our model, since all masses come from standards coupling to the Higgs, there is no obstruction to satisfying this criterion. Masses of the scalars X 1 and X 2 are unrelated to the electroweak scale.
To make the scalars overabundant at the electroweak phase transition the masses should be above the electroweak scale. A mass of a few TeV seems to be necessary for sufficient baryogenesis.
The mixing of the fourth generation quarks and leptons to members of the other three generations provides a way for the heavy quarks and leptons to decay. As we shall see later, with too small mixings baryogenesis never occurs in the visible sector. On the other hand if the mixings are too large, the decay width of the proton increases beyond experimental bounds. We show that there is an allowed region in the space of the mixing angles where baryogenesis is achieved while having acceptably small decay width for the proton.
In GUT theories where quarks of the first generation have baryon number violating couplings, the proton decays by processes shown in Figure 2 . To meet the experimental limit on the lifetime of proton (> 10 33 years), the mass of the internally propagating GUT boson should be > 10 16 GeV.
In the present model B violating couplings involving the first three generations are down by a suppression factor. For instance, if the mixing angle between a fourth generation quark and a first generation quark is Θ q 4 q 3 , a typical baryon number violating coupling involving first generation quarks will be down by two powers of this mixing:
We retain the coupling g 11 to exhibit that the couplings now are smaller in comparison to the similar couplings involving only fourth generation quarks. The processes leading to proton decay still look like the one sketched in Figure 2 , except the baryon number violating vertices now have very small coupling constants. The amplitude for the process
where Θ q 4 q 1 is a typical mixing angle in the quark sector (between the first and fourth generations), Θ l 4 l 3 is the largest mixing angle in the lepton sector and g 2 is the product of the typical coupling constants at the two baryon number violating vertices without the suppression factors.
Using m X ∼ 10 3 GeV, we find the following inequality for the mixing angles if experimental bounds on proton decay are to be satisfied:
In principle it is possible to have greater quark mixings if the lepton mixing is smaller. Also, Θ q 4 q 3 and Θ q 4 q 2 are likely to be greater than Θ q 4 q 1 by one and two orders of magnitude respectively.
Cosmic Strings and Baryogenesis
With the B violation and CP violation in place, all we need to produce baryons is an out-of-equilibrium decay of the scalar bosons. To achieve this there has to be a mechanism for making the scalar bosons overabundant immediately after the electroweak scale. This can happen through the formation and decay of cosmic strings. The cosmic strings must form at the electroweak phase transition. Strings formed earlier will have entered a scaling distribution at this time and their number density will be too small to generate the baryon excess we see today. The inclusion of cosmic strings that must be produced exactly at the electroweak scale seems to be at some expense to the economy of the model. The symmetry breaking in the standard model does not produce any cosmic strings and extra broken gauge symmetries must be introduced. However, as described in Appendix A, the extra
If this symmetry is gauged and then broken at the electroweak scale, the smallness of the mixing angles and the presence of the cosmic strings can be explained simultaneously.
Moreover, besides being candidates for seeding galaxies, cosmic strings occur in the the literature in many, independently motivated extensions of the standard model. For instance the Aspon model [13] has an extra U(1) that breaks close to the electroweak scale. The motivation there is to provide an explanation for the small value of the vacuum angle θ in QCD. Supersymmetric extensions of the standard model have been proposed which attempt to resolve the µ problem of the minimal supersymmetric standard model (MSSM) and the cosmological solar neutrino problem and which have strings [14] . Both these models were considered recently [15] in the context of electroweak baryogenesis from cosmic strings. Top color models [16] are another class of models where a U(1) gauge group is broken close to the electroweak scale. In our case, almost regardless of motivation, any extension of the standard model that produces strings at the electroweak scale will work.
Our purpose here is to illustrate the viability of this mechanism of baryogenesis. Therefore, instead of picking one of the existing models we have simply added an extra abelian group U(1) A to the standard model. (There is no significant change in phenemenology if
We assume that U (1) A is broken at the electroweak scale. The symmetry breaking can come about from an effective Higgs that couples to the U(1) A and gets a vev at the EW scale. The simplest quantum numbers for this Higgs (which we call X 3 ) are : (0,1,0,0,0), i.e, it is a singlet under everything except U(1) A . X 3 does not have Yukawa couplings to any fermions because it is a singlet under hypercharge U(1) Y and has non zero U(1) A charge. Any scalar (including the standard Higgs) can couple to X 3 through a quartic coupling. Thus we expect that decays of cosmic strings will result in the production of X 1 and X 2 .
The scenario for baryogenesis is now very similar to [17] where the author considered emissions of heavy particles from collapsing cosmic strings. If the heavy particles are produced at a scale which is sufficiently small compared to their mass, they may become overabundant and through CP violating decays generate baryon number. In the present model we focus on the overabundant production of X 1 and X 2 particles from strings.
Immediately after the electroweak phase transition, the space will be filled with a criss-crossing of string network that looks like a random walk in three dimensions. The initial correlation length is ψ tc ∼ 1 Tc . Numerical simulations indicate [18] that a large fraction (∼ 80%) of the total string length resides in the infinite strings. The rest is in the form of loops which have a scale invariant distribution
where R is the characteristic size of the loops. The initial network has loops which decay rapidly. The infinite segments also generate more loops by frequent intercommutations. The net result is that the correlation length increases with time and the string network enters a scaling solution when the correlation length equals the horizon size [17] .
In the literature the period from the time of the phase transition (t c ) to the time t * = (Gµ) −1 t c is called the friction dominated period [19] . (G is the Newton's constant and mu is the mass per unit length of the strings). Loops produced at time t with t c < t < t * immediately shrink to the radius
where m pl is the Planck mass (∼ 10 19 GeV). Below this scale friction effects are subdominant and the loops shrink predominantly by processes like gravitational radiation and cusp annihilation. The shrinkage rate from gravitational radiation is [20] 
where γ is numerically determined to be about 100.
The time for a loop to shrink to a size which is of the order of its thickness due to purely gravitational effects is t G = (γGµ) −1 R. In the present case t G ∼ 10 30 R ∼ 10 18 s even for the smallest loops (R ∼ ψ). This is a very long time compared to the cosmological times of interest and gravitational effects are therefore completely negligible in our model.
Cusp annihilations, on the other hand, can occur at a much faster rate. The rate of shrinkage in this case can be modelled by [21] 
The corresponding decay time is t cusp = R(Rη) b γρ
. As shown in [17] this is less than one expansion time if the time of formation t < (
it is safe to assume that this condition is satisfied for a long time. Thus in our model, the loops formed at time t immediately shrink to R = r f (t) after which they shrink by cusp annihilation to R ∼ µ −1/2 within one expansion time. The lifetime of a loop formed at time t is then
When the string loops have shrunk to a radius that is comparable to their thickness λ −1/2 µ −1/2 (where λ is a typical coupling constant in the X 1 , X 2 , X 3 potential and µ is the mass per unit length of the string), nonlinearities in the scalar field potential will cause the entire loop to decay into elementary particles. It is from this final burst process that we can expect the heavy scalars X 1 and X 2 to be produced. Since µ ∼ m
; the number N of X 1 and X 2 particles that we get from each loop is ∼ 1.
The baryon number produced by string decays can now be evaluated by computing the number of string decays from the time t c of the phase transition up to the present time. There are two kinds of loops to be taken care of; those formed at the time of phase transition (t = t c ) and those formed after the phase transition (t > t c ). Also, the baryon number produced from the decay of X 1 and X 2 bosons will be washed out unless baryon number violating processes are effectively frozen after the X 1 and X 2 decays. To compute the remnant baryon asymmetry we therefore need to evaluate the number of string decays that take place after t = t f , where t f is the freeze out time for baryon number violating interactions. Two cases, thus, arise:
The number of decaying loops is the sum of loops produced at t c and after t c . The number density of heavy bosons produced from loops formed at t c is obtained by inte-grating (9):
where the last factor takes care of the dilution of the number density due to the expansion of the universe. More cosmic string loops are formed after the phase transition as the coherence length increases with time and loops are chopped off from 'infinite' sections of the string network. The loop production rate is related to the rate at which the coherence length increases by [17] 
where ν is a constant of the order of unity. Integrating (14) we have
Using
we get the ratio of the total number density of X 1 and X 2 to the entropy density to be
where g * ∼ 100 is the number of effectively massless degrees of freedom at the electroweak scale.
2) t f > t c
Now the loops produced at t = t c decay within one expansion time and the resulting baryon number is washed out. Thus we need consider only the contribution from the loops decaying after t f :
In the friction dominated period ψ ∼ t 3 . Thus unless t f = t c , there is some damping in the production of baryons. In the next section we show that it is possible to have t f ≈ t c in our model.
Approach to Equilibrium
The baryon asymmetry generated from X 1 and X 2 decays will evolve according to the Boltzman's equations. A large number of particles and interactions are relevant. For each species of particles one gets a Boltzman's equation. The equations are coupled integro-differential equations and for an accurate estimate of the baryon number, one must integrate them numerically. Useful analytical estimates can, however, be made by making simplifying approximations that reduce the number of degrees of freedom (and hence the number of Boltzman's equations) to a few.
To begin with, we will omit the particles X 3 and the U(1) A gauge boson. The field X 3 has quartic couplings with X 1 and X 2 . When the densities of X 1 , X 2 and X 3 are high, these interactions will tend to equilibrate their densities to equal values. As their number densities fall, these 2 → 2 interactions are quenched out. In the rest of this section we will ignore these interactions.
Further simplification results from considering a single scalar boson X instead of X 1 and X 2 . In the following we consider the most dominant interactions of this scalar boson. The relevant processes are:
X is the generic colored scalar; q and l refer to generic quarks of any generation while q 4 and l 4 refer to a quark and a lepton of the fourth generation. The W in interactions 5 and 6 represents the W bosons of the weak interactions. We denote gluons by G.
The processes 1 are dominant annihilation channels for the colored scalars. The processes 2,3,4 are baryon number violating processes. The processes 2,3 generate the baryon number while their inverse processes and processes 4 can wash out the produced baryon number. The processes 5 and 6 transport baryon and lepton number from the fourth generation to the third generation.
We have omitted processes of the kind q 4 → q 4 l 4 q 4 to simplify the Boltzman's equations. These processes are prohibited if the quarks and leptons of the fourth generation have nearly equal masses. Inclusion of these processes does not change our main results in a significant way.
The processes of baryogenesis and 'freeze out' can now be treated as two distinct stages in the evolution of the baryon number.
X production and decay
We will assume that immediately after the phase transition the decays of cosmic string loops raise n X ,the number density of X, to about T 
where
is the phase space volume element, f i is the phase space density of species i and |M(ij.. → ..kl)| 2 is the matrix element squared for the process ij.. → ..kl. The matrix element is summed over initial and final state color, spin and flavor degeneracies. The number density n X is the number density of all X particles regardless of color.
When the final state particles are light, (18) reduces to [22] :
where Γ X is the total thermally averaged decay width of X averaged over initial color degenaracies, n eq X is the equilibrium density of X and σ(XX → ij) is the thermally averaged cross section for XX annihilations.
The decay modes for X are: X → q 4 q 4 , q 4 l 4 . The dominant annihilation channels are: XX → qq, GG. Since X is very heavy we can use the zero temperature decay width for Γ X to good approximation. The same is true for the annihilation cross section with an appropriate value for the c.m energy. In Appendix B we have computed these rates. Our results are:
where g is a typical coupling of X to q 4 and l 4 .
Because X is overabundant, n X ≫ n eq X . The reduction in n X is initially dominated by annihilation processes. The decays overtake annihilations when the X number density reaches the critical value n Xcrit = |g|
From this point onwards, the annihilations are quenched out and most of the Xs decay through the CP violating processes producing baryons.
Freeze out
Once a large number of X decays have taken place, there is an excess of baryons (and leptons) over anti-baryons (anti-leptons) in the fourth generation. Baryon number violating processes like inverse decays (q 4 q 4 , q 4 l 4 → X) or 2 → 2 processes (q 4 q 4 → q 4 l 4 ) will tend to wash-out this excess. Decays to W s and third generation quarks and leptons will also reduce the baryon excess in the fourth generation (although preserving the total baryon excess).
To see if a freeze out can occur, we look at the Boltzman's equation for q 4 :
have primes on them to indicate that the matrix elements do not include s channel contributions in which the intermediate X is on shell (a physical particle), since these contributions have already been included in the decay and the reverse decay terms. The full matrix element (squared),
Following [22] we will simplify (23) by parametrizing the CP violation of the system in the following manner. We define the matrix elements M 0 and the numbers η and η by
We have used CPT and unitarity to relate the squared matrix elements. Note that all matrix elements are summed over initial and final state spin and color degeneracies. The CP violation parameters η and η are related to ∆B by the relation
Since all the quarks and leptons are in thermal equlibrium we have
where µ 1 and µ 2 are chemical potentials related to the (approximately) conserved baryon and lepton numbers in the fourth generation. In expanding the exponents we have used the fact that baryon and lepton excesses are small. From (27) we obtain
which relate b and l to the density of excess baryons and leptons respectively. The sums are over the color and flavor indices in the fourth generation.
One can now use (24) and (27) in (23) and express products like f q 4 (p 1 )f q 4 (p 2 ) as f eq X (p 1 +p 2 )(1+2b) in decay and inverse decay terms. Subtracting the Boltzman's equation for the antiquarks from the equation for the quarks one gets the equation for the baryon number in the fourth generation:
where σ(q 4 q 4 → q 4 l 4 ) and Γ(X → q 4 q 4 , q 4 l 4 ) are averaged over initial state degeneracies and summed over final state degeneracies and n
c is the equilibrium density of q 4 . The correct sign for the term −n eq
The various terms in the r.h.s of (29) are readily interpreted. The first term is the driving term for baryogenesis. It becomes small as n X → n eq X and plays no role in freeze out. The second term comes from inverse decays and the third term comes from 2 → 2 baryon number violating processes. These two terms can potentially cause a washout.
The last term is the rate at which baryon number is drained out of the fourth generation into the third generation. We have ignored similar drainage terms to other generations because the mixing angles are smaller by one or two orders of magnitude.
The 'washout terms' can be ineffective only if they are smaller than the Hubble dilution term 3Hn B 4 . We must, therefore, have (using 3n
Range of parameters
At the weak phase transition H ∼ 10 −16 T c . Using our estimates of the decay widths and cross sections from Appendix B we can reduce the conditions (30) to
When these inequalities are satisfied, there is no significant washout of the baryon number and the net baryon to entropy ratio is
We have taken (4πα qcd ) 2 = 2 and g * = 100. Two parameters in (32) are bounded from above. The maximum value of ǫ ∼ 1 and the maximum value of n Xcrit ∼ T 3 c . When these bounds are taken into consideration, the inequalities (31) and (1) yield the following range of values for k and |g| 2 :
25 < k < 80 , we obtain, η B ∼ 2.7 × 10 −11 ǫ .
For ǫ close to 1 this falls within the range given by (1) . Note that for k ∼ 25, m X ∼ 6.25
TeV. This value is to be compared with the mass of the smallest string loops. Indeed if the mass per unit length of the strings is µ, a string loop of size R ∼ (8) and (33) we can see that |Θ
Now consider the decay of the fourth generation baryons and leptons. The decay widths
. A lower bound on the mixing angles is obtained by requiring that the decays happen before nucleosynthesis. This means that the decay time should at most be 1s. The corresponding limit on the mixing angles is: Θ l 4 l 3 , Θ q 4 q 3 ≥ 10 −13 . If we also require that Θ l 4 l 3 ≈ Θ q 4 q 3 ≈ 10Θ q 4 q 2 ≈ 100Θ q 4 q 1 , then we have
Conclusions
We have shown that baryogenesis from the decay of scalar bosons is viable even at energies as low as the electroweak scale. This is surprising, since perturbative violation of baryon number at low energies seems incompatible with the observed stability of the proton. However it is possible to have perturbative B, C and CP violations in a hidden sector of baryons that have small mixings with the visible baryons. We construct a model of this kind with a fourth family in which the proton is 'insulated' from B violating interactions by suppressions due to small mixing angles between the fourth generation and the other generations. The mixings are nevertheless large enough so that baryogenesis in the fourth generation can lead to baryogenesis in the visible generations in a cosmologically acceptable time.
Members of the the fourth family must be heavier than half the Z mass. This includes the fourth neutrino. The quarks of the fourth generation should be able to decay into the top or the bottom and a W . This puts a lower bound of about a 100 GeV on their mass.
The scalar bosons must be at least 25 times heavier than the electroweak scale. In our model they are produced copiously from the decay of loops of cosmic strings immediately after the electroweak phase transition. The inclusion of cosmic strings is necessary to make the scalar bosons overabundant. This requires a further extension of the standard model. But as we show in Appendix A, it is possible to extend the standard model so that the smallness of the new mixing angles and the presence of the cosmic strings are justified simultaneously.
Variations of this model can be conceived. The only necessary ingredients seem to be cosmic strings and hidden (and heavy) baryons. The model has all the advantages of baryogenesis models where baryogenesis occurs af ter the electroweak phase transition. It is also viable as a baryogenesis model even if the electroweak phase transition is a second order phase transition.
Appendix A
The model described in section 2 has an anomaly free global (B − L) 4 symmetry in addition to the ususal B − L when the mixing angles between the fourth and lighter generation are put equal to zero and there is no coupling between the lighter generation quarks and leptons and the colored scalars X 1 and X 2 . When the mixings and couplings mentioned above are non-zero but small, (B − L) 4 is broken weakly. The smallness of these parameters is, therefore, not unnatural in the technical sense. Below, we describe a way of explicitly realizing this scenario as an effective low energy limit of a theory where the small (B − L) 4 breaking terms come from operators of dimension 5 or higher and are suppressed by a large mass scale.
We first define two U(1) symmetries:
The first is the usual B − L which we keep as a global unbroken symmetry of our theory.
At a scale much higher than the electroweak scale one can conceive of a theory where V is a gauged symmetry. Consider for instance extending the model in section 3 by first taking away all terms violating V and then gauging V . (The terms involving the scalar X 3 are not necessary for this discussion and can be discarded). In order that V be realized as a weakly broken symmetry in the low energy theory we can introduce a scalar field X 4 which is a singlet under all gauge symmetries except V . A vev for X 4 breaks V .
The effective action for this theory can have a dimension 4 + n operator of the kind
. M is a large mass suppressing this operator (h is the standard Higgs). When X 4 gets a vev, V is broken and we get the dimension 4 mixing term (
The smallness of the mixing results from suppression due to small coupling constants and factors of 1 4π
as well as the ratio
To actually get this operator we must introduce new fields and interactions that couple the fourth and the third generations. Since we are not interested in solving the hierachy problem, scalars are cheap. We can introduce two more, X 5 and X 6 , with the following
where q i and l i denote quarks and leptons of the ith generation. We have chosen the same coupling g ′ for all the terms. The V charges of X 5 and X 6 are 0 and 4 3 respectively. Both are color triplets and SU(2) W singlets. By suppressing the flavor and helicity indices we imply that all possible gauge invariant couplings are included in (38). Now suppose X 5 and X 6 have masses of the order of M. Integrating them out one may obtain the dimension 6 operator q 3 q 3 q 3 l 3 . This operator, a potentially dangerous candidate for proton decay, is not induced by renormalization at one loop and must be suppressed by at least a factor of g 2 g ′4 16π 3 M 2 where g is one of the couplings in (2). If we choose |g| ′2 < |g| 2 ≈ 10 −5 , the proton decay problem is avoided for M 2 > 10 9 GeV 2 .
The mixing between the fourth and third generations can occur through the operators q 4 Dq 3 X . The mixing is suppressed by the small number By choosing X 4 ∼ 10 3 GeV we also get the much needed cosmic strings at the electroweak scale as a bonus. The strings come from the breaking of V and X 4 takes over the role of the field X 3 of section 3.
where p is the 4 momentum of the X and θ is the scattering angle in the c.m frame. We have taken all the quarks to be massless. 
where φ is the angle between the two final state gluons in the rest frame of one of the incoming particles and p is the 4 momentum of the X in the c.m frame. The large numerical factors in (39) and (40) come from color and flavor sums. Note that we have four generations of quarks now.
The thermally averaged cross section can be approximated by the zero temperature cross section with | p| ≈ p 0 ≈ M X . We then obtain
The XX annihilation rate is to be compared with the baryon number violating decay rates of Xs. The lowest order Feynman diagrams for these decays are shown in figure 4c.
The squared amplitude for the decay to two quarks (after summing over spin, flavor and color degrees of freedom) is
Once again we have taken the final state particles to be massless. The corresponding rate for a decay to an anti-quark and an anti-lepton is exactly the same (larger flavor factor compensates for the smaller color factor):
Approximating the thermally averaged decay width by the zero temperature decay width we get Γ(X → q 4 q 4 , q 4 l 4 ) = 1 2π Figure 4c shows the Feynman diagram corresponding to the leading order contribution to the process q 4 q 4 → q 4 l 4 . The invariant squared amplitude is (after summing over initial and final state degeneracies) -
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